The facultative intracellular bacterial pathogen Listeria monocytogenes dramatically increases the expression of several key virulence factors upon entry into the host cell cytosol. actA , the protein product of which is required for cell-to-cell spread of the bacterium, is expressed at low to undetectable levels in vitro and increases in expression more than 200-fold after L. monocytogenes escape from the phagosome. To identify bacterial factors that participate in the intracellular induction of actA expression, L. monocytogenes mutants expressing high levels of actA during in vitro growth were selected after chemical mutagenesis. The resulting mutant isolates displayed a wide range of actA expression levels, and many were less sensitive to environmental signals that normally mediate repression of virulence gene expression. Several isolates contained mutations affecting actA gene expression that mapped at least 40 kb outside the PrfA regulon, supporting the existence of additional regulatory factors that contribute to virulence gene expression. Two actA in vitro expression mutants contained novel mutations within PrfA, a key regulator of L. monocytogenes virulence gene expression. PrfA E77K and PrfA G155S mutations resulted in high-level expression of PrfAdependent genes, increased bacterial invasion of epithelial cells and increased virulence in mice. Both prfA mutant strains were significantly less motile than wild-type L. monocytogenes . These results suggest that, although constitutive activation of PrfA and PrfA-dependent gene expression may enhance L. monocytogenes virulence, it may conversely hamper the bacterium's ability to compete in environments outside host cells.
Introduction
Listeria monocytogenes is a facultative intracellular bacterial pathogen that is responsible for serious food-borne infections in pregnant women, immunocompromised individuals and neonates (Gray and Killinger, 1966; Gellin and Broome, 1989) . The bacterium invades and replicates within a wide variety of host cells, and a number of gene products that contribute to intracellular replication and cell-to-cell spread of the organism have been identified (reviewed by Sheehan et al ., 1994; Kreft and VazquezBoland, 2001; Vazquez-Boland et al ., 2001a) . After internalization, L. monocytogenes escapes from the host cell phagosome and replicates rapidly within the cytosol (Kathariou et al ., 1987; Mengaud et al ., 1988; Portnoy et al ., 1988; Cossart et al ., 1989; Domann and Chakraborty, 1989) . Subsequent to entry into the cytosol, L. monocytogenes synthesizes a surface-associated protein, ActA, that enables the bacteria to move through the cell using host cell actin polymerization as a motile force. This actin-based motility facilitates the spread of bacteria into adjacent cells (Dabiri et al ., 1990; Mounier et al ., 1990; Domann et al ., 1992; Kocks et al ., 1992; Sanger et al ., 1992; Goldberg, 2001) . Bacterial mutants lacking functional ActA do not move within cells or spread to infect new cells and are severely attenuated in mouse models of infection (Kocks et al ., 1992; Brundage et al ., 1993) .
The induction of actA expression within the host cell cytosol is a critical component of L. monocytogenes pathogenesis; however, the molecular mechanisms that result in the induction of actA are unknown. L. monocytogenes induces the expression of numerous gene products in what appears to be a host cell compartment-specific manner (Brundage et al ., 1993; Freitag and Portnoy, 1994; Klarsfeld et al ., 1994; Bubert et al ., 1997; Freitag and Jacobs, 1999; Moors et al ., 1999; Dubail et al ., 2000; Gahan and Hill, 2000; Wilson et al ., 2001) . In broth-grown cultures and in bacteria located within the phagosome, ActA is synthesized at low to undetectable levels. Once bacteria enter the host cytosol, expression increases over 200-fold, and ActA becomes one of the most abundant bacterial surface proteins (Brundage et al ., 1993; Bubert et al ., 1999; Freitag and Jacobs, 1999; Moors et al ., 1999) . Cytosolic induction of actA expression has been shown to require a transcriptional activator known as PrfA (reviewed by Kreft and Vazquez-Boland, 2001 ). PrfA is a member of the CRP/FNR family of regulatory proteins (Lampidis et al ., 1994; Vega et al ., 1998) , and its activity governs the expression of numerous L. monocytogenes proteins both inside and outside host cells. Recent evidence suggests, however, that other L. monocytogenes factors in addition to PrfA may be required for the full induction of actA expression within the host cytosol Shetron-Rama et al ., 2002) .
We have chosen to focus on the regulation of actA expression as a means of defining the mechanisms that govern intracellular induction of bacterial gene expression. We report here the isolation and characterization of L. monocytogenes mutants that are deregulated for actA gene expression and express high levels of actA after growth in broth culture and during growth within the host cell cytosol.
Results

Isolation of L. monocytogenes mutants with increased levels of in vitro actA expression
A genetic screen was developed to facilitate the identification of bacterial factors that participate in the induction of actA expression within the cytosol of infected host cells. L. monocytogenes strains containing actA-gus-plcB transcriptional reporter gene fusions were subjected to chemical mutagenesis using ethylene methylsulphonate (EMS) and subsequently grown on indicator plates containing 5-bromo-4-chloro-3-indolyl b -D -glucuronide (XG) to enable the identification of mutants with high-level in vitro actA / gus expression. Mutants that formed blue colonies on the XG indicator plates were selected for further analysis (the parent strain formed white colonies on identical indicator plates). Approximately 200 000 colonies were screened in five independent experiments, and 145 blue colony mutants were selected. Quantitative liquid culture enzymatic assays for GUS activity narrowed the selected mutant population further to 43, and these mutants were subdivided into three groups as follows: group I strains exhibited moderate levels of actA expression (an increase in expression of 10-to 20-fold in comparison with the parent strain); group II strains exhibited high-level actA expression (with levels at least 25-fold higher than the parent strain); and group III strains exhibited extremely high levels of actA expression (with levels at least 100-fold higher than the parent strain) (Fig. 1) . The phenotype of the group I strains appeared to resemble closely that observed previously for L. monocytogenes strains containing the PrfA G145S or PrfA* mutation. The PrfA* mutation has been demonstrated to confer high-level in vitro expression of hly and actA in L. monocytogenes , and the substitution is thought to be analogous in nature to substitutions within CRP (CRP* mutants) that convert the regulatory protein into an activated state in the absence of cofactor (cAMP) binding (Kim et al ., 1992; Kolb et al ., 1993; Ripio et al ., 1997) . In contrast to group I strains, group II and III mutant strains exhibited much higher levels of in vitro actA expression than observed previously for prfA * strains (Shetron-Rama et al ., 2002) .
A number of environmental conditions have been reported to influence L. monocytogenes virulence gene expression, including temperature, pH, nutrient limitation and available carbon sources (Vazquez-Boland et al ., 2001b) . To determine whether actA expression was still subject to environmental regulation in the in vitro expression mutants, expression patterns were examined after growth on a variety of indicator plates (J. Bravo and N. Freitag, data not shown). All the mutants exhibited increased amounts of actA expression after growth on charcoal-treated brain-heart infusion (BHI) media, a condition previously reported to induce the expression of actA (Ripio et al ., 1996) . The majority of the mutants remained sensitive to the presence of readily metabolized sugars, such as glucose and cellobiose, which have been demonstrated to repress actA expression (Millenbachs et al ., 1997; Ripio et al ., 1997; Behari and Youngman, 1998) . More than half the mutants were no longer subject to the repression of actA expression by low pH, although the overall levels of expression observed varied between strains. The pleiotrophic patterns of actA expression exhibited by the mutants under different environmental conditions suggest that multiple types of mutations are represented within these isolates and that these mutations may influence a variety of regulatory pathways or control circuits.
During the course of the experiments described above, it was found that five of the 43 actA in vitro expression mutants no longer exhibited increased levels of actA expression during growth on solid media, indicating loss of the original phenotype (mutants NF-L841, NF-L844, NF-L852, NF-L858 and NF-L860). A small but significant percentage ( ª 15%) of the 43 original mutants was found to grow poorly in comparison with the parent strain, and it was observed that faster growing colony variants would sector off from these mutants during growth on agar plates. The faster growing variants formed white colonies when plated on BHI agar containing the XG indicator, indicating loss of the original high-level actA expression phenotype (L. Shetron-Rama and N. Freitag, data not shown). These observations suggest a possible link between actA expression and bacterial growth, in that the suppression of the growth defect observed for some of the high-level actA expression mutants resulted in reduced levels of actA expression. Colony variants with improved growth that arose from the slow-growing mutant strains may have reverted back to the wild-type genotype or, alternatively, may have acquired second site mutations that influence both the growth rate of the strains and actA expression.
Examination of virulence-associated phenotypes for selected actA in vitro expression mutants
Five group III mutants (NF-L809, NF-L811, NF-L812, NF-L813 and NF-L814) and two group II mutants (NF-L815 and NF-L816) were selected for additional analysis of virulence-associated phenotypes (Table 1) . Each of the mutants exhibited increased amounts of listeriolysin O (LLO)-associated haemolytic activity, suggesting that the mutation(s) within these strains affected the regulation of other PrfA-dependent gene products in addition to actA. Plaque formation by the L. monocytogenes mutants in monolayers of mouse fibroblast cells was examined as a measure of each mutant's ability to grow and spread within infected tissue culture cells. Most of the seven mutants tested formed plaques with approximately the same frequency and of the same size as those formed by wild-type L. monocytogenes (Table 1) , but one mutant exhibited a slight decrease in plaque size (NF-L811; 93% of wild type) and another a slight increase in size (NF-L815; 116% of wild type). NF-L811 may therefore be somewhat defective for intracellular growth and/or cell-to-cell spread, whereas NF-815 may be more proficient than wild type.
Mutations conferring high-level in vitro actA expression map inside and outside the PrfA regulon
The PrfA regulon is a 10 kb chromosomal cluster of L. monocytogenes genes that contains both actA and prfA, as well as several other genes with products that are associated with virulence Kreft and Vazquez-Boland, 2001; Vazquez-Boland et al., 2001b) . A recently described L. monocytogenes transducing bacteriophage (U153; Hodgson, 2000) was used to determine whether any of the in vitro actA expression mutants contained mutations closely linked to the prfA locus. Bacteriophage U153 lysates were prepared from L. monocytogenes strains containing the actA-gus-plcB transcriptional fusion in the presence of an erythromycin resistance gene (erm) inserted downstream of orfXYZ at the 3¢ end of the prfA regulon. Erm r transductants were isolated on BHI/XG indicator plates containing erythromycin and scored for blue or white colony colour. Mutants containing mutations closely linked to the erm resistance gene would produce white transductants on indicator plates at a frequency that would correlate with the distance of the mutation from the erm marker. Of the seven mutants analysed, three were found to contain mutations that were not closely linked (>40 kb distal, based on the packaging size of U153) to the prfA regulon (NF-L809, NF-L815 and NF-L816) Three mutants contained mutations closely linked to the prfA regulon (NF-L811, NF-L812 and NF-L814), and one mutant appeared to be a double mutant (NF-L813), with one mutation closely linked to prfA and one mutation unlinked (see Experimental procedures).
Of the four mutants that were found to contain mutations closely linked to the prfA regulon, DNA sequence analysis indicated that two of the mutants, NF-L813 and NF-L814, contained mutations within prfA coding sequences. The remaining two mutants did not contain any mutations within prfA and are under continued investigation. Figure 2 shows the locations of the mutations within prfA. NF-L813 contained a mutation resulting in the substitution of a lysine residue for a glutamate at position 77 within the protein sequence (PrfA E77K). Examination of secondary structure predictions for PrfA places the mutation within a b-roll structure near the N-terminus of the protein (Goebel et al., 2000) . A similar region in CRP has been demonstrated to participate in the binding of CRP's cofactor, cAMP (Weber and Steitz, 1987) , but the residues required for cAMP binding by CRP are not conserved in PrfA (Goebel et al., 2000) . NF-L814 contained a mutation resulting in the substitution of a serine for a glycine at position 155 (PrfA G155S) . This mutation appears to be similar in nature and location to that described for PrfA* (PrfA G145S), which is thought to result in a constitutively activated form of the protein (Ripio et al., 1997) . Only one other mutation has been reported to increase PrfA function, PrfA S183A, which maps within the helix-turn-helix DNA-binding motif located in the C-terminal region of PrfA (Sheehan et al., 1996) .
In vitro analysis of L. monocytogenes prfA E77K and prfA
G155S mutant strains
The PrfA E77K and PrfA G155S mutations were reintroduced into the parent strain NF-L476 to confirm their role (PrfA G155S) 2173 ± 774 719 100 ± 1 a. Measured after 5 h growth in BHI broth at 37∞C. b. Expressed as the reciprocal of the dilution at which 50% lysis of erythrocytes was observed. c. This strain grew poorly in BHI broth.
Fig. 2.
Location of PrfA mutations in relation to predicted secondary structure protein motifs and functional regions. The positions of the previously described PrfA G145S and PrfA S183A mutations are included for comparison (Sheehan et al., 1996; Ripio et al., 1997) . HTH, helix-turn-helix motif; AR, activation region that may form contacts with RNA polymerase; Leu-zip, leucine-zipper-like motif. Depictions of structural motifs adapted from Goebel et al. (2000) . (Table 1 ). The PrfA E77K mutant had levels of actA expression that were approximately fourfold lower than the levels observed for the original NF-L813 mutant. This observation is consistent with the results obtained from the PrfA regulon linkage analyses, which indicated that NF-L813 harboured two mutations affecting actA expression levels, one linked to the PrfA regulon and one unlinked. The unlinked mutation, as yet unidentified, is presumably responsible for the remaining increase in actA expression observed for NF-L813. In contrast, the introduction of the PrfA G155S allele conferred an increase in the level of in vitro actA expression that was similar to that observed for the original NF-L814 mutant strain. Both the PrfA E77K and the PrfA G155S mutations conferred peak levels of actA expression during exponential phases of growth, and expression tapered off with entry into stationary phase (Fig. 3 ). This pattern of actA expression was confirmed by Western analysis (J. Bravo and N. Freitag, data not shown) and differs from that reported for wild-type strains containing actA-lacZ reporter gene fusions in which actA expression appeared to peak at late log to stationary phase (Moors et al., 1999) . These results confirmed the contributions of the two prfA mutations to the induction of high-level actA expression.
HTH? HTH
The PrfA E77K and PrfA G155S strains were then examined for the effects of the mutations on the expression levels of other PrfA-dependent genes. Total RNA was isolated from the PrfA E77K mutant and subjected to Northern blot analysis. As shown in Fig. 4 , strains containing the prfA E77K allele had significantly increased levels of plcA, plcA-prfA, inlA and inlA-inlB transcripts, whereas transcripts derived from the PrfA-independent iap promoter were unaffected. The PrfA E77K and PrfA G155S mutations both conferred extremely high levels of LLO production (Table 1) . . Northern analysis of PrfA-dependent gene expression in strains containing prfA E77K. Total RNA was isolated from wild-type 10403S and PrfA E77K (NF-L924) cultures grown to mid-exponential phase in BHI and separated by electrophoresis on 1% agarose gels (10 mg per lane). Transcripts, indicated by arrowheads, were identified after hybridization with the indicated probes as described in Experimental procedures (top). The 1.0 kb and 2.1 kb transcripts identified using the plcA probe correspond to plcA and plcA-prfA transcripts respectively. The 2.9 kb and 5.0 kb transcripts identified using the inlA probe correspond to inlA and inlA-inlB transcripts respectively. Bottom. Ethidium bromide-stained gel of RNA samples.
The PrfA E77K and PrfA G155S mutants were also found to have altered responses to environmental influences, specifically glucose-or cellobiose-mediated repression of actA expression. Although overall actA expression levels were lower in both strains in the presence of either sugar, the strains containing the PrfA E77K and PrfA G155S mutations were less sensitive than the wild-type parent strain to the effects of catabolite repression (Fig. 5) . Levels of actA expression in the parent strain NF-L476 were reduced 41-fold and 66-fold in the presence of cellobiose and glucose, respectively, whereas the PrfA E77K mutant exhibited a 26-fold and 24-fold reduction, and the PrfA G155S mutant had only a sixfold and fivefold reduction in actA expression levels. These results indicate that both the prfA E77K and the prfA G155S mutations alleviate the effects of catabolite repression on L. monocytogenes gene expression, with strains containing the prfA G155S mutation being the most resistant to repression.
Intracellular growth and cell-to-cell spread of the PrfA E77K and PrfA G154S mutants
As the PrfA E77K and PrfA G155S strains exhibited dramatic differences in in vitro levels of PrfA-dependent gene expression, the mutants were next examined for their behaviour in monolayers of infected tissue culture cells. After the infection of J774 mouse macrophage-like tissue culture cells, both mutants were found to have levels of cytosolic actA expression (mean and SE: 67.1 ± 15.0 U 10 -6 cfu for NF-L924 and 73.5 ± 29.4 U 10 -6 cfu for NF-L943) that were similar to those observed for the L. monocytogenes parent strain (38.5 ± 13.8 U 10
-6 cfu for NF-L476). These results suggest that wild-type PrfA is fully activated within the cytosol of infected cells, and that the PrfA mutations confer no additional level of activation within that environment. PrfA E77K and PrfA G155S mutants formed plaques in mouse L2 fibroblast cell line monolayers of the same size and with the same frequency as wild-type L. monocytogenes, indicating that the strains were fully capable of invasion, intracellular growth and cell-to-cell spread (Table 1) . Likewise, infection of the Potoroo kidney epithelial cell line PtK2 with log phase cultures of either PrfA E77K or PrfA G155S mutant strains showed little difference in intracellular growth between the mutant strains and wild-type L. monocytogenes (Figs 6 and 7). Filamentous tails of actin were readily seen with both mutant and wild-type bacteria at 4 h after infection, indicating that the mutants were capable of and PrfA G155S (NF-L943) strains containing actA transcriptional fusions to the reporter gene gus were grown in LB broth (L) with and without 25 mM cellobiose (C) or 25 mM glucose (G). GUS activity was measured after 5 h of growth as described by Youngman (1987) for the measurement of b-galactosidase activity but with the appropriate substrate substitution of 4-methylumbilliferyl-b-D-glucuronide. Each assay was done in triplicate, and the data represent the mean and SE of at least three experiments. L. monocytogenes wild-type and prfA mutant strains were grown to stationary phase or mid-exponential phase in BHI broth as indicated. PtK2 epithelial cells grown on glass coverslips were infected at an MOI of ª3:1 (cfu stationary phase bacteria per cell) and ª1:1 (cfu mid-exponential or log phase bacteria per cell), and J774 macrophage-like cells were infected at an MOI of ª1:5 (stationary and log phase). At 30 min (J774 cells) or 1 h (PtK2 cells) after infection, monolayers were washed with PBS. Gentamicin (10 mg ml -1 final concentration) was added to kill any remaining extracellular bacteria at 1 h after infection (indicated by arrow). Monolayers were lysed at the indicated time points, and the number of bacteria per coverslip was determined. Open squares, wildtype L. monocytogenes; filled triangles, PrfA E77K (NF-L924); filled circles, PrfA G155S (NF-L943). Results are expressed as the mean number of bacterial cfus ± the standard error for three coverslips per time point (the standard error was small enough so as not to be plainly visible in these graphs). One of three experiments with similar results is shown. mediating the polymerization of host cell actin filaments (Fig. 6) . Interestingly, stationary phase cultures of both mutants appeared to be hyperinvasive in comparison with wild type, and increased numbers of bacteria were seen associated with host cells and also moving within the cytosol. Examination of infected cells revealed an average of 1 ± 1 standard error wild-type bacteria per seven cells (76 cells counted in at least six independent fields) at 2 h after infection versus PrfA E77K and PrfA G155S strains, which both averaged 9 ± 1 standard error bacteria per cell (at least 80 cells counted in six independent fields). High levels of invasion were also observed for the mutants after the infection of a human epithelial cell line (Henle 407 cells; K. Mueller and N. Freitag, data not shown). Although the PrfA E77K mutant appeared to invade and replicate readily within individual infected cells, the rate of growth was reduced in comparison with the wild type and PrfA G155S strain as measured by the number of colony-forming units present over time (Fig. 7) . In many cases, the PrfA E77K-infected cells exhibited signs of cytotoxicity with the appearance of pycnotic nuclei and an apparent decrease in cytosolic density (K. Mueller and N. Freitag, data not shown). The observed cytotoxicity may have resulted from (i) the large numbers of bacteria present within each cell as a result of increased invasion efficiency and/or (ii) the dramatic increase in LLO synthesis observed for the mutants. It is interesting, however, that, although both mutants produce high levels of LLO in vitro, cytotoxicity was primarily seen only during PrfA E77K infections. No differences in cell entry or intracellular growth were observed for either mutant after the infection of the macrophage-like cell line J774 (Fig. 7) . The mutants were also tested for virulence in a mouse model of infection. Strains containing the PrfA E77K mutation were found to be equivalent in virulence to wild-type L. monocytogenes after intravenous injection into BALB/c mice, with an LD 50 of ª1 ¥ 10 4 cfu for PrfA E77K (versus 2 ¥ 10 4 cfu for wild type). Interestingly, PrfA G155S strains were more virulent than wild type, with an LD 50 of ª3 ¥ 10 3 . The alterations in virulence gene expression resulting from the PrfA G155S mutation therefore appear to reduce the number of L. monocytogenes cfu required to cause lethal disease.
PrfA E77K and PrfA G155S mutants exhibit decreased motility
Although strains containing the PrfA E77K and PrfA G155S mutations appear to exhibit enhanced virulence in vivo, these mutations have so far never been described in clinical or environmental isolates. L. monocytogenes is an environmental bacterium that spends much (and perhaps in most cases all) of its life outside mammalian cells, and it is possible that mutations that enhance bacterial virulence within a mouse may in turn reduce some other aspect of bacterial fitness outside the host. Previous reports have demonstrated that several gene products mediating bacterial motility and stress responses are upregulated in strains lacking functional PrfA (Michel et al., 1998; Ripio et al., 1998; Herbert and Foster, 2001) . Strains containing the PrfA E77K and PrfA G155S mutations were therefore examined for bacterial motility in soft agar assays. As shown in Fig. 8 , the PrfA mutants were indeed significantly less motile than the NF-L476 parent strain. Both mutants appeared to express the flagellin subunit gene flaA at levels comparable with the wild-type strain (J. Bravo, data not shown), suggesting that the motility defect occurs at a level distinct from flaA expression. The reduced motility of the PrfA E77K and G155S strains supports a role for PrfA in the modulation of L. monocytogenes motility and is consistent with the hypothesis that these mutants would exhibit reduced fitness in environments outside host cells.
Discussion
Listeria monocytogenes senses distinct host cell environments encountered during the course of infection and responds by increasing the expression of gene products needed for bacterial replication and survival. To begin to define the process by which L. monocytogenes adapts to life within the host cell cytosol, we have isolated populations of bacterial mutants that express high levels of the cytosol-induced actA gene product during in vitro growth.
These mutants exhibited a variety of phenotypes when analysed for their responses to environmental cues, suggesting that the mutations within these strains have affected components of multiple signalling pathways. Preliminary characterization of seven selected mutant strains revealed that all seven had increased amounts of LLO production in addition to high-level actA expression, indicating that the mutations were likely to have resulted in global changes in patterns of gene expression. Consistent with this observation, two of the in vitro actA expression mutants were found to contain novel mutations with the central L. monocytogenes virulence regulatory factor PrfA, whereas the other five mutants contained mutations mapping outside prfA coding sequences. After growth in BHI broth, strains containing PrfA E77K or G155S substitutions were found to have levels of actA expression that resembled the levels normally only observed for bacteria within the cell cytosol. The work described here illustrates the dramatic changes in L. monocytogenes gene expression that result from structural changes within PrfA, and strengthens the hypothesis that alterations in PrfA conformation lead to protein activation and the induction of L. monocytogenes gene expression within the host cell cytosol. In addition, the demonstration of mutations that map outside the PrfA regulon, which appear to have global effects on PrfA-dependent gene expression, strongly supports the existence of additional L. monocytogenes factors that contribute to the regulation of gene expression within host cells. Fig. 8 . Swimming motility of PrfAE77K, PrfAG115S and NF-L813 strains in semi-solid media. Bacteria from mid-log phase cultures were inoculated into the soft agar, and plates were incubated for 16 h at 37∞C. Motility of the L. monocytogenes PrfA mutants is shown in comparison with the wild-type strain (NF-L476) and two isogenic derivatives containing in frame deletions in the prfA gene or in the flaA gene (non-motile strain) as indicated. Motility was measured as the diameter of the swimming colony observed after overnight growth. Values are expressed as the percentage diameter of the colony (average of three swimming colonies ± standard deviation from three independent experiments) with wild type set at 100%.
The co-ordinated regulation of virulence gene expression has often been considered to be an essential process of pathogenesis, and complex regulatory networks have been demonstrated to exist within several bacterial pathogens (Cotter and DiRita, 2000; Swanson and Hammer, 2000; Ohl and Miller, 2001) . It was therefore interesting to observe that the apparent deregulation of PrfA-dependent gene expression seen for strains containing the PrfA E77K or PrfA G155S alleles did not adversely affect bacterial virulence in a mouse model of infection and, indeed, seemed to enhance it to some degree. Strains containing the PrfA* mutation, or PrfA G145S, have also been reported to be fully virulent in vivo for mice (Ripio et al., 1996) . It is possible that virulence gene expression in L. monocytogenes is regulated in a manner analogous to an 'on-off' switch, rather than, for example, a continuum of gene expression states as is present in Bordetella (Deora et al., 2001) . If this is indeed the case, and if PrfA activation serves as the 'on' switch, it appears that there is no requirement for L. monocytogenes to switch to an 'off' state within the host. Regulation of virulence gene expression in L. monocytogenes appears therefore to differ from that in Salmonella typhimurium, in which constitutive activation of the PhoP/PhoQ regulatory cascade attenuates virulence (Miller and Mekalanos, 1990 ). Alternatively, it is possible that PrfA deactivation is required during infection at a step before bacterial entry into the bloodstream, and that a virulence defect might have been observed for the PrfA E77K and PrfA G155S strains after oral inoculation.
The basis of the enhanced virulence for strains containing PrfA G155S is not yet known; it is possible that it reflects an increase in bacterial invasion of host cells, as observed during the infection of PtK2 or human epithelial cells. Both prfA mutants appeared to be more invasive than wild-type strains for epithelial cells; however, the effect was only detected after the infection of cell monolayers with bacteria grown to stationary phase. No difference in invasion was detected when the bacteria were taken from exponentially growing cultures, conditions under which wild-type L. monocytogenes invasion is enhanced in comparison with wild-type stationary phase cultures ( Fig. 7 ; Dramsi et al., 1993) . InlA, a bacterial surface protein required for the invasion of epithelial cells (Lingnau et al., 1995) , is maximally expressed by wildtype L. monocytogenes grown to exponential phase at 37∞C (Dramsi et al., 1993) . The increased invasive capacity of PrfA E77K and PrfA G155S strains grown to stationary phase may reflect continued high-level expression of InlA on the bacterial surface, as suggested by Northern analysis (Fig. 4) . In contrast, stationary phase cultures of mutant and wild-type bacteria showed identical patterns of growth in the J774 mouse macrophage-like cell line. Additional PrfA-regulated gene products, such as InlB and ActA, have been reported to contribute to bacterial invasion of various cell types (Braun et al., 2000; Suarez et al., 2001) . Expression of these gene products is upregulated in the PrfA E77K and PrfA G155S strains, as well as in the PrfA* (PrfA G145S) strain, which is also reported to be hyperinvasive (Suarez et al., 2001) . As the PrfA G155S strain does not yet appear to differ significantly in its invasive capacity from the PrfA G145S and PrfA E77K mutants, the basis for its enhanced virulence remains to be identified.
Interestingly, although stationary phase cultures of PrfA E77K strains readily invaded and multiplied within epithelial cells, overall bacterial numbers did not increase over time. Visual inspection of infected monolayers suggested that the bacteria were cytotoxic to host cells (K. Mueller and N. Freitag, data not shown). The apparent failure of the PrfA E77K strain to replicate within the population of infected epithelial cells may reflect an existing balance between bacterial replication and spread to adjacent cells with loss of bacterial viability resulting from the influx of gentamicin through compromised host cell membranes. The apparent decrease in intracellular growth rate was not observed for PrfA E77K strains after the infection of J774 cells or for mouse fibroblast cell lines. The basis of the observed cytotoxicity of PrfA E77K strains for epithelial cells is not yet known, but may reflect the enhanced production of LLO or PC-PLC, both of which have been reported to affect cell viability (Decatur and Portnoy, 2000; Marquis and Hager, 2000) . If so, it is unclear why enhanced LLO and/or PC-PLC production does not seem to affect J774 cells or L2 fibroblast cell lines.
How do the PrfA E77K and PrfA G155S mutations lead to changes in PrfA activity? The structure of PrfA protein has not been solved, and little is known regarding functional domains of the protein, other than its C-terminal helix-turn-helix DNA-binding domain. A number of mutations resulting in the complete loss of PrfA function have been described (Herler et al., 2001) , but the identification of the prfA E77K and prfA G155S mutations doubles the number of known amino acid substitutions within PrfA that appear to increase its activity. The PrfA S183A mutation first described by Sheehan et al. (1996) , located within the C-terminal helix-turn-helix DNA-binding domain of PrfA, was found to increase PrfA DNA-binding affinity. The PrfA* G145S protein also has a greater binding affinity for DNA , and citations of unpublished data suggest that the mutation also increases the capacity of PrfA-RNA polymerase complexes to initiate transcription (Vazquez-Boland et al., 2001b) . The PrfA* G145S mutation is thought to be analogous to mutations in CRP (G145S and A144T) that lead to a cAMP-independent active conformation (Garges and Adhya, 1988) . The increased levels of virulence gene expression in strains containing the PrfA* mutation, in conjunction with the modest sequence similarity (20% amino acid identity) and apparent structural similarities of PrfA to CRP, has led to the hypothesis that PrfA requires a cofactor or some form of post-translation modification for full activity (Goebel et al., 2000; Kreft and Vazquez-Boland, 2001; VazquezBoland et al., 2001b) . The PrfA G145S mutation, similar to the CRP* mutations, is therefore thought to lead to a conformational change in PrfA that mimics the change induced by cofactor binding. If this is indeed the case, the PrfA E77K and PrfA G155S mutations may induce similar conformational changes; however, the alterations in PrfA function are not equivalent. The PrfA G155S mutation results in significantly higher levels of actA expression in vitro in comparison with strains containing the PrfA E77K mutation (Fig. 3) . actA expression in the PrfA G155S mutant was also significantly less sensitive to glucoseand cellobiose-mediated repression than PrfA E77K. Lastly, PrfA G155S strains were approximately fivefold more virulent in mouse models of infection than the PrfA E77K mutant (which was comparable in virulence to the wild-type parent strain). No differences were detected in PrfA protein stability between the wild-type and mutant strains (J. Bravo, data not shown). Therefore, although the PrfA E77K, G145S and G155S mutations all appear to produce a constitutively activated form of PrfA, in that expression of PrfA-dependent gene products is increased, the mutations result in distinguishable alterations in PrfA function that may best be understood once the crystal structure of the protein is obtained.
Finally, it is interesting to speculate that a balance exists between L. monocytogenes virulence in animal models of infection and bacterial survival in environments outside host cells. The decreased motility observed for the PrfA E77K and PrfA G155S mutant strains suggests that these mutants might face a competitive disadvantage in obtaining nutrients during the organism's saprophytic lifestyle. In addition, several gene products that participate in stress responses are upregulated in strains lacking functional PrfA Herbert and Foster, 2001) ; thus, modulation of PrfA activity may help the transition of L. monocytogenes from nutrient-rich host cells to the stressful and less nutrient-replete life faced in natural environments outside the host.
Experimental procedures
Bacterial strains, plasmids and media
Listeria monocytogenes 10403S (serotype 1/2) is resistant to streptomycin and has an LD 50 for mice of 2 ¥ 10 4 (Freitag et al., 1993) . L. monocytogenes was stored at -70∞C in BHI broth (Difco Laboratories) containing 20% glycerol. NF-L476, containing an actA-gus transcriptional fusion, and NF-L753, containing the same fusion in the presence of the prfA* allele, have been described previously (Shetron-Rama et al., 2002) . Escherichia coli HB101 and DH5a were used as host strains for recombinant plasmids. Antibiotics were used at the following concentrations unless otherwise noted: carbenicillin, 50 mg ml -1 ; chloramphenicol, 10 mg ml -1 ; streptomycin, 200 mg ml -1 . BHI and Luria broth (LB) media plates, supplemented with the appropriate reagents, were used to visualize GUS activity of L. monocytogenes strains grown on solid media. For plates containing sugar supplements, filtered glucose or cellobiose was added to the medium after autoclaving to a final concentration of 25 mM, followed by the addition of sterile 1 M MOPS (pH 7) to a final concentration of 50 mM. For testing the effects of low media pH on bacterial GUS expression, BHI medium (normal pH 7.4) was adjusted to pH 5.8 with the addition of 1 N HCl and, after autoclaving, 1 M MES (pH 5.8) was added to a final concentration of 50 mM. For media treated with activated charcoal (Sigma), the charcoal was added to BHI broth to 0.2% final volume before autoclaving, stirred for 1 h, then autoclaved and filtered through a 0.22 mm membrane. To prepare agar plates, the charcoal-treated media was mixed with autoclaved water-suspended agar to a final concentration of 0.2% charcoal and 15% agar. For all media plates, a filtered solution of 5-bromo-4-chloro-3-indolyl-b-D-glucuronide (XG; Inalco) was added just before pouring to a final concentration of 50 mg ml -1 .
Chemical mutagenesis of L. monocytogenes
Chemical mutagenesis of L. monocytogenes was carried out using a modification of the protocol described by Miller (1992) . Overnight cultures of L. monocytogenes grown in BHI at 37∞C were diluted 1:20 into 40 ml of BHI and grown with shaking at 37∞C to an OD 595 of between 0.9 and 1.0. Bacterial pellets were harvested by centrifugation, and the pellets were washed twice with equal volumes of Tris suspension buffer (TSB: 0.1 M Tris-HCl, pH 7.5). The pellets were then resuspended in 20 ml of TSB and divided into 1 ml aliquots in screw cap tubes. The aliquots of bacterial suspension were incubated at 37∞C in the presence of 15 ml of EMS (methanesulphonic acid ethyl ester; Sigma) for 5, 15, 30, 45 or 60 min. After EMS exposure, the bacteria were harvested by centrifugation, the pellets were washed twice with 2 ml of TSB and resuspended in 1 ml of the same. Bacterial survival after EMS treatment was measured by determining the number of viable colony-forming units in dilutions of bacterial suspensions derived from each exposure time point on BHI plates and comparing with an unexposed control culture. Mutation frequencies were determined by plating for colony-forming units on BHI and BHI + 50 mg ml -1 rifampicin plates. Mutant libraries exhibiting the highest frequency of mutation with the least amount of cell killing were selected for actA expression screening. Bacterial colonies obtained from aliquots of mutant libraries were screened and selected for blue colour (reflecting GUS activity) on BHI plates containing 50 mg ml -1 X-glucuronide salt.
Measurement of b-glucuronidase activity
Overnight cultures of bacteria grown without shaking in BHI or LB as indicated at 37∞C were diluted 1:10 into fresh media and grown for 5 h with shaking at 37∞C. For experiments designed to examine GUS activity after growth in the presence of glucose or cellobiose, cultures grown overnight at 37∞C in LB buffered to pH 7 with 100 mM MOPS were diluted 1:10 into fresh buffered LB media in the presence or absence of 25 mM glucose or 25 mM cellobiose and grown for 5 h with shaking at 37∞C. The OD 595 was determined for each culture using a spectrophotometer (Spectronic 20; Milton Roy). Bacterial pellets were harvested from 1 ml culture suspensions by centrifugation and quick-frozen on dry ice. For enzymatic assays, the pellets were quickly thawed, washed once with ABT buffer (1 M potassium phosphate, pH 7.0, 0.1 M NaCl, 1% Triton) and resuspended in 1 ml of the same. GUS activity was measured as described by Youngman (1987) 
Intracellular GUS assays
Measurement of intracellular GUS activity was carried out using the protocol described by Moors et al. (1999) 
Determination of haemolytic activity
Overnight cultures of bacteria grown without shaking at 37∞C in BHI broth were diluted 1:10 into fresh BHI and grown at 37∞C with shaking. Culture supernatants were assayed for haemolytic activity as described previously (Camilli et al., 1989) .
Plaque formation in L2 cells
Plaque assays were conducted as described previously (Sun et al., 1990) . Plaque size was measured using a micrometer. For each strain tested, the average diameter of at least 10 plaques from three independent experiments was determined.
Introduction of a gene encoding erythromycin resistance downstream of the prfA regulon
Plasmid pHS-LV, a generous gift from Dr H. Shen, University of Pennsylvania, was used to introduce the ermC gene between orfZ and orfB of the L. monocytogenes NF-L476 prfA regulon via homologous recombination as described previously (Shen et al., 1995) . The resulting strain, NF-L758, contained a single copy of ermC located between orfZ and orfB in the L. monocytogenes chromosome and was used in the preparation of bacteriophage U153 lysates as described below.
Preparation of bacteriophage 153 lysates
A U153 bacteriophage lysate was generously provided by Dr D. Portnoy and Dr R. Calendar (University of California at Berkeley), and high-titre lysates were prepared as described previously with minor modifications (Hodgson, 2000) . Dilutions of the starting lysate were prepared in TM buffer (10 mM Tris-HCl, pH 7.5, 10 mM MgSO 4 ), and 100 ml of diluted lysate was added to sterile 13 ¥ 100 mm glass tubes containing 100 ml of mid-log phase L. monocytogenes grown with shaking in LB at 30∞C. Bacterial cultures were incubated with U153 dilutions at room temperature for 40 min, then 3 ml of molten LBSA (LB + 0.75% agar + 10 mM MgSO 4 + 10 mM CaCl 2 ) was added with gentle mixing to each tube, followed by immediate pouring of the tube contents onto LB + 10 mM MgSO 4 + 10 mM CaCl 2 plates. Plates were incubated at room temperature overnight. Plates containing enough U153 plaques on lawns of L. monocytogenes such that each plaque was almost touching its neighbour (giving the lawn a lacy appearance) were selected to prepare fresh bacteriophage lysates. TM buffer (2 ml) was added to the selected plates and incubated at room temperature for 20 min. The soft top agar layer was then broken up with a sterile glass rod, the agar and liquid were recovered in a sterile tube, and the tube contents were vortexed. The supernatant was recovered after centrifugation of the tube contents at 7000 g for 10 min, and chloroform was added to 10% final volume. Bacteriophage lysates obtained by this method were generally of the order of 10 8 -10 10 pfu ml -1 .
U153 bacteriophage-mediated transduction of L. monocytogenes
High-titre U153 lysates (50-200 ml) prepared from NF-L758 were mixed with 200 ml of mid-exponential phase L. monocytogenes actA-gus expression mutant strains (grown at 30∞C with shaking) in the presence of 10 mM MgSO 4 and 10 mM CaCl 2 , and the mixture was allowed to incubate at room temperature for 1 h. An aliquot of 3 ml of warm BHISA (BHI + 7.5 g l -1 agar + 10 mM sodium citrate, pH 7.5) plus the appropriate antibiotic was added with gentle mixing to the bacteriophage/L. monocytogenes suspension, and the mixture was then immediately poured onto BHI plates containing 10 mM sodium citrate (pH 7.5) and 50 mg ml -1 X-glucuronide salt. The plates were incubated at 37∞C, and bacterial transductants were usually apparent within 1 or 2 days. Erm r transductants were scored for blue or white colony colour. Mutants containing mutations closely linked to the erm resistance gene produced white transductants on indicator plates at a frequency that correlated with the distance of the mutation from the erm marker [distance = (1-the cube root of the transduction frequency) ¥ phage size (40.8 kb for U153); Hodgson, 2000] . Transductants isolated after phage infection of mutant NF-L813 were either dark blue or light blue in colour. Dark blue transductants retained the prfA E77K mutation, whereas light blue colonies contained the wild-type copy of prfA but still exhibited levels of GUS activity that were approximately fivefold higher than wild type. When phage lysates were prepared using dark blue prfA E77K erm r transductants and used to transduce NF-L476, the resulting blue transductants had levels of GUS activity that were approximately fivefold lower than the original NF-813 mutant strain. It was thus concluded that NF-L813 contained two mutations affecting actA expression: one being the prfA E77K mutation, the other mapping outside the prfA regulon.
Identification of L. monocytogenes strains containing prfA mutations prfA coding sequences were amplified by polymerase chain reaction (PCR) in conjunction with purified L. monocytogenes genomic DNA and primers prfA-A (5¢-GGTCTAGACGATTG GGGGATGAGA-3¢; XbaI site underlined) and prfA-B (5¢-GGGTCGACCAGCTCT TCTTGGTGAAG-3¢; SalI site underlined). The resulting products from two independent PCRs were sequenced at the Seattle Biomedical Research Institute Genome Center.
Construction of L. monocytogenes prfA E77K and prfA
G155S mutations
Genomic DNA was purified from L. monocytogenes actA in vitro expression mutants NF-L813 and NF-L814 and used in combination with the PCR to amplify the prfA E77K (NF-L813) and prfA G155S (NF-L814) alleles and surrounding regions using primers PrfE77K3 (5¢-GGCTCTAGAGAG CAATTCGTACTCAACTTA-3¢; added XbaI site is underlined) and prfA-B (adds a 5¢ SalI site) for prfA E77K, and primers 29FCprfA3 (5¢-GGTCTAGAACGTGGCTGAAGTAATGAAC-3¢; added XbaI site is underlined) and 29FNprfA (5¢-GGCTGCAGTCCTTTTGCGAAATCAAAATTTG3¢; added PstI site is underlined) for prfA G155S. The PCR-amplified products were digested with SalI and XbaI (prfA E77K) or XbaI and PstI (prfA G155S) and subcloned into appropriately restriction-digested pKSV7 (Smith and Youngman, 1992) to generate pNF768 (contains prfA E77K) and pNF771 (prfA G155S). Transfer of the prfA E77K and prfA G155S alleles into the L. monocytogenes chromosome in single copy was carried out by allelic exchange in NF-L476 as described previously (Freitag, 2000) to generate strains NF-L924 (PrfA E77K) and NF-L943 (PrfA G155S).
RNA isolation and Northern blot analysis
Total RNA was extracted from L. monocytogenes by disruption with acid-washed glass beads (150-212 mm; Sigma) in the presence of TRIzol reagent (Invitrogen) using a dental amalgamator as described by Yim and Rubens (1997) . Briefly, overnight cultures of L. monocytogenes strains grown in BHI at 37∞C without shaking were diluted 1:20 into 20 ml of fresh BHI and grown at 37∞C with agitation to an optical density at 595 nm of 0.5-0.6. Cells were harvested at 15 000 g for 2 min at room temperature. The bacterial pellets were resuspended in 1 ml of TRIzol reagent, and the suspension was added immediately to a 1.5 ml screw cap tube containing 0.5 g of glass beads. Bacterial cells were disrupted by vigorously shaking the tubes for 20 s in the dental amalgamator. Samples were centrifuged for 5 min at 15 000 g to remove beads and debris, and the liquid supernatants were recovered. The remaining steps were performed according to the manufacturer's recommendations provided with the TRIzol reagent. The final RNA pellets were suspended in 50 ml of TE, pH 8.0, and quantified by UV absorbance at 260 nm and by visual inspection after electrophoresis in agarose-formaldehyde gels (Ausubel et al., 1991) .
For Northern analysis, ª10 mg of total RNA was loaded on to 1% agarose-formaldehyde gels. After electrophoresis, RNA was transferred overnight to Magnagraph nylon membranes (MSI) by capillary blotting, then UV cross-linked using a Stratalinker 1800 (Stratagene). Northern hybridization (Ausubel et al., 1991) was carried out with biotin-labelled DNA probes using the Genomic Southern Detector blotting kit (KPL). DNA fragments used as probes were PCR amplified from L. monocytogenes 10403S genomic DNA and labelled with biotin-N4-dCTP using the Detector PCR DNA biotinylation kit (KPL), according to the manufacturer's instructions. Hybridizations were performed overnight at 42∞C, and the recorded signal was obtained by exposing blots to a Kodak Biomax-ML film (Eastman Kodak).
Bacterial infection of PtK2 and J774 cell lines
The cell lines used in these studies were the Potoroo kidney epithelial cell line PtK2 and the J774 mouse macrophage-like cell line maintained as described previously (Theriot et al., 1992; Brundage et al., 1993) . Intracellular growth in J774 cells was monitored using cell monolayers grown on acidwashed coverslips as described previously (Sun et al., 1990) . PtK2 cells were grown on acid-washed glass coverslips in tissue culture dishes for 2 days before infection. For infection of PtK2 and J774 cells with stationary phase cultures of L. monocytogenes, bacterial cultures were grown in BHI at 37∞C overnight with aeration and washed with PBS before infection [multiplicity of infection (MOI) of ª3:1 for PtK2 cells and 1:5 for J774 cells]. For infection of PtK2 cells with log phase L. monocytogenes, overnight cultures grown in BHI at 37∞C were diluted 1:20 into fresh media and grown for ª2 h with shaking at 37∞C. Cultures were washed with PBS and used to infect PtK2 cells at an MOI of ª1:1, and J774 cells at an MOI of ª1:5. After 30 min (J774 cells) or 60 min (PtK2 cells) of infection, monolayers were washed three times with 37∞C PBS followed by the addition of 5 ml of 37∞C media. At 60 min after infection, gentamicin was added to a final concentration of 10 mg ml -1 to kill any remaining extracellular bacteria. To quantify bacterial intracellular growth, coverslips were removed at the indicated time points, cell monolayers were lysed by vortexing in sterile water, and bacterial colony-forming units were determined by plating dilutions of cell lysates on LB plates followed by overnight incubation at 37∞C. Coverslips were also removed and processed for either brightfield or fluorescent microscopy. For brightfield microscopy, coverslips were stained with Diff-Quik (VWR Scientific) and mounted in Permount mounting medium (Fisher Scientific). For fluorescent microscopy, the cells were fixed by placing a drop of 3.7% formaldehyde in PBS on the coverslip and incubating at room temperature for 5 min. Coverslips were washed by dipping into sterile PBS, and then the Ptk2 cells were permeabilized with 100 ml of PBS + 0.1% Triton X-100 for 10 min and again washed in PBS. A sample of 100 ml of NBD-phallacidin (Molecular Probes) diluted 1:20 into PBS was placed on each coverslip for 20 min at room temperature, and then coverslips were washed by dipping into PBS. A 100 ml aliquot of rabbit polyclonal anti-Listeria antibody (Difco Laboratories) diluted 1:320 in PBS was then added to each coverslip followed by a 30 min incubation at room temperature. Tetramethylrhodamine goat anti-rabbit IgG (H + l) conjugate (Molecular Probes) was used as a secondary antibody to visualize bacteria. After incubation with the secondary antibody, the coverslips were rinsed in PBS, mounted in Permafluor mounting medium (Immunon) and allowed to set in the dark overnight.
Fluorescent microscopy and imaging
Cells were observed using a Nikon Microphot FX microscope equipped with a Photometrics Sensys camera and META-MORPH software. The rhodamine filter had excitation and emission peaks of 560 and 630 nm, and the filter for visualizing NBD-phallacidin (fluorescein isothiocyanate filter) had excitation and emission peaks of 484 and 510 nm respectively.
Virulence phenotype
Fifty per cent lethal doses (LD 50 ) were determined in BALB/ c mice by intravenous injection as described previously according to IACUC approved procedures (Portnoy et al., 1988) .
Construction of DflaA L. monocytogenes mutants
A 316 bp deletion spanning bp 602-917 was introduced into the flaA locus (ATCC X65624) as follows: primers 5¢UP (5¢-GGTACCTGGAACATAAGGTGCTGG-3¢) and 5¢DS (5¢-GAATTCGTTGCAAGATTGAACTCATGG-3¢) were used to amplify the 5¢ end of the flaA locus with ª500 bp of flanking sequence and to introduce KpnI and EcoRI restriction sites respectively (underlined sequence). Primers 3¢US (5¢-GAAT TCTTCTCAACAAGCAACTG-3¢) and 3¢DS (5¢-AAGCTTCAA CATAAAATACAACTCC-3¢) were used to amplify the 3¢ end of the flaA locus with ª500 bp of flanking sequence and to introduce EcoRI and HindIII sites respectively (underlined sequence). Both PCR products were subcloned into HindIIIKpnI-digested pKSV7 (Smith and Youngman, 1992) to generate plasmid pCW101. Transfer of the DflaA mutation into the L. monocytogenes chromosome in single copy was carried out by allelic exchange in 10403S as described previously (Freitag, 2000) .
Motility assays
Swimming motility was evaluated on semi-solid (0.3% agar) BHI media treated with 0.2% activated charcoal. Charcoal treatment consisted of autoclaving 2¥ BHI broth with 0.2% activated charcoal followed by sterile filtration to remove the charcoal, then mixing the concentrated charcoal-treated BHI broth with 0.6% warm sterile agar. The semi-solid charcoaltreated BHI plates were inoculated with 2 ml of mid-log bacterial cultures (OD 595 of ª0.6) grown in BHI at 37∞C. Plates were incubated for ª16 h at 37∞C (in contrast to some L. monocytogenes strains, 10403S is motile at both 37∞C and room temperature). Motility was quantified as the diameter of the swimming colony observed after 16 h of growth.
